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Abstract Timber architecture, taking advantage of
modern production techniques, is increasingly moving
towards free forms; however, traditional joining tech-
niques are not yet adapted to echo the new expression at
the level of the details. This paper reports on adhesively
bonded joints as a way to help architects fully unleash
their creative potential. For this purpose, experimental
and numerical investigations on full-scale adhesively
bonded timber trusses were performed, in which
adhesive bonds were compared to traditional doweled
connections. The adhesively bonded trusses achieved
significantly higher failure load and stiffness. Tests on
small clear specimens were conducted to determine
input parameters for finite element analyses. The sole
timber connection was characterised, giving valuable
insights into the mechanical behaviour of this truss
component. At this end, the influence of the embedded
length of the applied sleet plates was experimentally
determined, delivering data to benchmark the subse-
quent dimensioning method. The trusses were then
modeled and excellent agreement was found between
numerical and experimental results. Finally, a dimen-
sioning method, based on a realistic multi-axial failure
criterion coupled with size effects was implemented
and yielded very good agreement when with experi-
mental results. The reported investigation demon-
strates the high potential of adhesive bonding in timber
structures.
Keywords Timber construction  Truss structures 
Adhesive bonding  Bearing capacity  Size effect 
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1 Introduction
Modern timber architecture, probably best illustrated
by Shigeru Ban [1], is increasingly moving towards
free forms, for which currently used timber joining
methods do not offer adapted solutions. As an example,
new concepts, including folded structures derived from
the Japanese art of Origami, were developed [2, 3]. The
results, although impressive in the overall architectural
expression, clearly indicate that the ‘‘new architec-
ture’’ has not yet diffused to all structural levels; i.e.
connections are still achieved by traditional structural
joints, as shown in Fig. 1, which arguably weakens the
expression. Adhesively bonded joints clearly can help
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to overcome this substitution phase, so commonly
encountered in structural engineering, when new
materials or structural concepts were introduced [4, 5].
Adhesively bonded joints usually exhibit higher
capacities than connections with dowel type mechan-
ical fasteners, but also higher stiffness, the latter being
of particular importance when the governing factor is
serviceability limit state, as is it often the case with
timber structures [6]. Adhesive bonding can provide an
efficient and durable method provided that: (i) the joints
are correctly designed using an appropriate approach;
(ii) suitable materials and specifications are adopted;
(iii) the work is undertaken by experienced operatives;
and (iv) strict quality control is exercised [7].
The many advantages of adhesively bonded joints
were first recognized by the airplane industry: attrac-
tive strength-to-weight ratio, large stress-bearing area,
excellent fatigue strength, sealing of joints against the
environment, etc. One of the most prominent early
examples was the ‘‘de Havilland Mosquito’’ aircraft
which essentially consisted of plywood and substan-
tial parts being glued together [8].
Timber trusses as a structural system emerged from
the classical timber framing in the Mediterranean
region. Truss construction has always been associated
with the high end of carpentry; up to the middle of the
19th century, trusses were used predominantly in
prestigious public buildings such as temples, churches,
or bridges. While there is only a small body of evidence
for trussed roofs of antiquity [9], there are abundant
examples of long-span roof systems from the Middle
Ages through the Renaissance [10] and a myriad of
truss forms developed [11]. It is only during the last two
centuries, that trusses became shaped by engineering
analysis and design [12, 13]. Since the middle of the
20th century, trusses as system for long spans were
increasingly replaced by more cost-effective glulam
systems where less effort is put into the connections. As
an answer to this challenge, a shift in the joining
technique for trusses has occurred, e.g. replacing
mortise-and-tenon joints with nailed steel plates or
doweled connections [14]. Such connections however,
significantly reduce the stiffness of timber structures,
since large deformations are required to fully activate
them [15]. The advantages of bonded trusses have just
recently been presented by Poutanen and Ovazza [16]
in an experimental study showing that combining the
structural advantages to the architectural ones can lead
to attractive solutions and potential economical ben-
efit. The truss exhibited specific adhesively bonded
finger joints that, according to the authors, although
‘‘still in its infancy’’, hold an enormous potential
regarding lower costs, higher stiffness, higher capacity
and better fire resistance.
1.1 Capacity prediction of timber structures
Failure modes of structural timber elements and joints
vary depending on member and joint geometry as well
as material type and its associated failure modes. In
tension and shear, timber essentially exhibits a linear
elastic behaviour, and failure is marked by a brittle
fracture Eberhardsteiner [17]. The constitutive behav-
iour of wood under multi-axial stress states has only
been considered rarely [18, 19] and relatively little is
known about the associated failure behaviour. Eber-
hardsteiner [17] experimentally determined the stress–
strain behaviour of clear spruce wood under multi-axial
loading and observed interactions between tension and
shear strengths which were later micro-mechanically
explained by Grosse and Rautenstrauch [20]. A number
of failure criteria applicable to timber have been
developed, and various in depth reviews were pub-
lished, e.g. Kasal and Leichti [21]; a commonly applied
criterion was proposed by Norris [22], see Eq. 1:
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Fig. 1 Example of innovative timber architecture with non-
adapted joints
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where rX, rY, and rZ are the normal, sXY, sXZ, and sYZ
shear stresses, respectively and fX, fY, fZ, respectively
fXY, fXZ, and fYZ are the material strength parameters.
The knowledge of the failure criterion has proved to
not to be sufficient to predict joint capacities, since the
mechanical strength of brittle materials, such as timber,
exhibits size effect (the phenomena that strength
decreases with increasing specimen size under the
same test conditions). Three main types of size effects
may be distinguished [23]: (i) a statistical size effect;
(ii) an energetic size effect; and (iii) the possible size
effect due to micro-cracks; some authors considering
fractals as a possible explanation [24]. For brittle
materials, like timber, statistically based size effects
are adequately explained by the Weibull theory [25]
which assumes that the cumulative survival probability
PS of a volume subjected to a non-uniform stress
distribution is given by Eq. 2:
PS ¼ exp 
Z
V
r
r0
 k
dV
2
4
3
5 ð2Þ
where, r is the stress acting over a volume V, r0 is the
characteristic stress or scale parameter and k is the
shape parameter that gives a measure of the strength
variability, with low values of k corresponding to a
high variability in material. One consequence of Eq. 2
is that for two volumes V1 and V2 submitted to constant
stresses r1 and r2 at failure, assuming equal probabil-
ities of survival, the relationship given in Eq. 3, which
allows for a straightforward implementation of size
effects in numerical procedures, is obtained:
r1
r2
¼ V2
V1
 1=k
ð3Þ
Although there has been significant work on failure
criteria development, existing criteria do not include
size effects in timber under multi-axial stresses. Using
Weibull theory to analyze components with stress
concentrations, capacities can be considerably under-
predicted [26]. Nevertheless, recognition of size effects
is important when using conventional strength-based
failure criteria as shown by Clouston et al. [27] who
implemented Weibull theory into the Tsai-Wu failure
criterion to assess size effects in Laminated Veneer
Lumber.
Although increasingly being used for fibrous and
anisotropic materials, such as fibre reinforced poly-
mers [11], adhesive bonding, is not yet widely
applied for timber structural elements. Before adhe-
sive bonding can gain acceptance for such use,
methods need to be disseminated that predict the joint
capacity as a function of the material properties, the
joint geometry and the type of loading. A prerequisite
for the successful capacity prediction is the under-
standing of the stress–strain state in the joint, the
latter being determined either analytically, e.g. Vol-
kersen [28] or Goland and Reissner [29], or numer-
ically (most commonly with the use of finite element
analysis (FEA)). Contrary to analytical solutions,
which are mostly restricted to idealized joints [30,
31], FEA permits the consideration of all relevant
geometrical details as well as the actual material
behaviour [32–34].
The capacity determination of joints exhibiting
brittle failure can also be solved using fracture mechan-
ics. Most commonly used are linear elastic fracture
mechanics (LEFM), which require a pre-existing crack
and often idealize the constitutive material behaviour.
The generalised LEFM, e.g. [35] allows lifting the
restrictions of the pre-existing cracks, and enables its
application to arbitrary geometries. However, all meth-
ods derived from LEFM usually require an extensive
and often tricky mechanical material characterisation;
further, their implementation into actionable design
routines is by far not straightforward.
1.2 Objective
The purpose of the article is to present experimental
evidence that adhesively bonded joints of load bearing
timber members can be successfully implemented in
full size structures, herein on the example of trusses.
Beyond this proof, the paper applies a straightforward
dimensioning method that enable practitioners to
safely dimension adhesively bonded timber structures
for static short term loading.
2 Experimental investigations
2.1 Experimental plan
The experimental plan related on the structural
performance of the adhesively bonded full-scale
timber trusses were articulated on three levels:
Firstly, it was paramount to characterise the main
constituent of the trusses, namely the timber. The
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stress state in and around the adhesively bonded
joints of such a complex system as the considered
trusses has to be described as being multi-axial; thus,
the corresponding material characterisation has to
account for the influence of the interaction of stresses
on the strength.
Secondly, the sole timber connection was charac-
terised, giving valuable insights into the mechanical
behaviour of this truss component. For this purpose,
the influence of the embedded length of the applied
sleet plates was experimentally determined, deliver-
ing data to benchmark the subsequent dimensioning
method.
Thirdly, experimental investigations were carried
out on full-scale timber trusses; two series, involving
three samples each, were considered: (a) trusses using
dowel type connections, and (b) trusses in which
joints were achieved by means of adhesive bonding
using a standard two-component epoxy adhesive.
2.2 Experimental investigations on timber
The timber species used was spruce (Picea Abies),
representing the most used commercial species for
timber construction in Central Europe. The material
was conditioned to 12% moisture content prior to
manufacturing of the specimens, and then again stored
in constant climate until testing. The elastic properties,
required for the subsequent numerical modelling, for
which the material was assumed homogeneous and
transverse isotropic, were determined on the speci-
mens shown in Fig. 2 from the same timber batch that
were used to produce the elements of the subsequent
experiments. The strength parameters were determined
on a large set of small sized samples that followed the
geometrical specifications of ISO 527 (dog bone shape
with reduced width in the centre). These samples were
divided into groups exhibiting different orientations, a,
relatively to the grain, also shown in Fig. 2. Only those
specimens that failed in the dog-bone neck were
considered for the further investigations, the others
were rejected. Four series of off-axis tests were
performed: (i) 0, involving solely rX and delivering
the axial strength parallel to the grain, fX; (ii) 10; (iii)
45; and (iv) 90, which only involves rY, delivers the
strength perpendicular to the grain, fY. Series (ii) and
(iii) deliver results in which rX, rY, and sXY act
simultaneously. The load, P, results in stresses in the
principal material axis (1, 2) by transformation as
follows:
Fig. 2 Specimens to characterise the timber’s mechanical properties
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r1 ¼ r0 cos2 a r2 ¼ r0 sin2 a s12 ¼ r0 sina cos a ð4Þ
where r0 = P/A, A being the cross-sectional area of
the specimen, and a the off-axis orientation related to
the grain. Assuming that the n sets previously defined
will, on average, comply with (Eq. 1), it is an easy
task to determine the shear strength, fXY [36].
Table 1 summarizes the mechanical properties of
the timber, which range are at the high end of the
values stated in the literature [37], the difference is
explained by the use of high quality almost defect
free timber.
2.3 Experimental investigations on joints
In order to experimentally determine the strength of
adhesively bonded joints between timber members and
steel plates, quadratic timber sections (75 mm 9
75 mm) were slotted and steel plates (ts = 5 mm) were
glued (adhesive layer thickness ta = 1 mm, on both
sides); the specimens are displayed in Figs. 3 and 4. The
materials used were the following: spruce, as charac-
terised in Sect. 2.2; a two component cold curing epoxy
adhesive, SikaDur330, which was characterised in a
previous study to have a linear-elastic and brittle
behaviour [38]; and common structural steel, grade
S235 according to EC3.
The influence of the adhesive layer thickness on the
strength of double lap joints composed of timber profiles
was experimentally and numerically investigated by
Tannert et al. [39]; the authors concluded that within the
considered range, the adhesive layer thickness had only
a small influence on the stress distribution and almost no
influence on the joint capacity. Therefore, the sole
parameter investigated was the embedded length, L,
which was varied from 40 to 160 mm, in steps of
40 mm, thus leading to four distinct series labelled
herein (BJ40) to (BJ160). For the purpose of compar-
ison, an additional series was fabricated in which the
connection was achieved by means of steel dowels
(4Ø8 mm), subsequently labelled (DJ120). The number
of dowels was chosen in such a way that the timber
members and the doweled joints achieved the same
Table 1 Mechanical properties of the timber and the adhesive
Material Ex (MPa) Ey (MPa) txz (-) tyz (–) fx = f0 (MPa) fy = fz = f90 (MPa) fxy (MPa) f10 (MPa) f45 (MPa)
Timber 17,900 1,100 0.40 0.04 98.2 4.5 16.5 43.7 11.5
Steela 210,000 0.3 235 135.6 c c
SikaDur330b 4563 0.3 39 c c c
a Corresponding to grade S235 according to EC3
b Resulted from tension tests according to ENISO527-2
c Not determined
Fig. 3 A typical bonded timber-steel joint after testing
Fig. 4 A typical dowelled timber-steel joint after testing
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design load according to Eurocode 5. The dowel holes
were predrilled with the same diameter as the dowel
itself. Each series consisted of five specimens.
All tests were performed on a universal testing
machine in displacement controlled traction (1 mm/
min) under controlled laboratory climate (20C,
65%relaitive humidity). The load–displacement was
recorded up to failure, the ultimate load being labelled
FEXP. The mechanical behaviour of all experimentally
investigated series is best described by Fig. 5 that
shows the load–displacement curves of representative
BJ120 and DJ120 specimens: adhesively bonded
connections clearly exhibit linear-elastic behaviour
with a very brittle failure triggered inside the timber,
indicated by Fig. 3, which represents a typical spec-
imen after failure. The doweled connections on the
other hand exhibit a less brittle behaviour, with much
larger displacements, although it should not be
confused with ductility; Fig. 4 depicts a representative
specimen after failure.
The experimentally determined joint capacities
(FEXP) are plotted against the embedment length in
Fig. 6; Table 2 lists all joint capacities, defined by the
average over each series and the corresponding stan-
dard deviation.
2.4 Experimental investigations on full-scale
trusses
In order to investigate the suitability and practicabil-
ity of bonded joints in a full scale context, two series
of trusses with identical dimensions were fabricated:
• DT: trusses in which the joints between the
members were achieved using steel plates
(t = 5 mm) and four steel dowels (Ø8 mm) at
each connection; and
• BT: trusses in which the joints between the
members were achieved by the same steel plates
as in DT, which subsequently was adhesively
bonded.
All trusses were built up using identical square
timber sections 75 mm 9 75 mm of spruce (Picea
Abies).
The trusses (global dimensions and all upcoming
node numbers are depicted in Fig. 7) spanned
4,200 mm at a height of 1,296 mm. All trusses were
simply supported on both ends and centrally loaded
with a steel plate placed between the truss and the
load actuator. Additional bracings ensured lateral
stability, as shown in Fig. 8.
Fig. 5 Load–displacement curves of representative bonded
timber-steel joints (embedment length 120 mm) in comparison
to dowelled timber joints
Fig. 6 Experimental and predicted capacities of the bonded
joint versus embedment length
Table 2 Experimental results related to the joints and the
trusses
Series FEXP (kN)
Average
FEXP (–)
variance
FFEA (kN) Accuracy (–)
BJ40 23.7 21% 22.6 ?5%
BJ80 33.7 16% 35.7 -6%
BJ120 46.4 17% 43.6 ?6%
BJ160 51.1 24% 51.8 -1%
DJ120 27.8 10% 27.0 ?3%
BT 62.9 13% 63.9 ?8%
DT 44.9 14% 41.5 -2%
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To compare the stiffness of both types of trusses in
the elastic range, which corresponds to a direct
comparison in serviceability limit state (SLS), a load-
controlled loop was run between 10 and 30 kN.
Following, a displacement controlled load (3 mm/
min) was applied up to the collapse of the specimens.
The instrumentation consisted of a series of calibrated
transducers for measuring the load–displacement
behaviour at several points of the truss, as well as the
relative displacement at the truss joints. In order to
compensate for the relative flexibility of the steel frame,
the deformation of the bearings were measured, all
subsequently presented data was corrected accordingly.
Additionally, for one representative truss of each
series, strain gauges were positioned on the inner and
outer faces of the diagonal (a), as shown in Fig. 7, at
a distance of 500 mm from the supports; the resulting
strain measurements allowed estimating how much
the truss members were bent due to the joint stiffness.
The bending restraint is numerically best expressed
by the comparison of bending moments, M, relatively
to the normal forces, N, using the following sets of
Equations:
M ¼ e2  e1
2
a3Ex
6
N ¼ e2 þ e1
2
a2Ex
ð5Þ
where e1 and e2 represent the measured axial strains at
the two opposites sides of the timber members, a the
dimensions of the square timber members and EX the
axial Young’s modulus of the timber.
The load displacement curves of the adhesively
bonded trusses were almost perfectly linear, up to
failure, as shown in Fig. 9; in contrast, the doweled
trusses behaved much softer, allowing for much
higher deformations at matching loads. A significant
part of this overall deformation is clearly attributable
to the fact that doweled connections only start to
transmit forces after large relative deformations.
Failure of the bonded trusses, occurred by splitting
just below the end of the bond, shown in Fig. 10, in
all cases failure triggered by a crack that developed
from the surface. Figure 11 shows a typical steel
plate after the test, clearly indicating fibres that
remained bonded to the steel plate. Failure of the
doweled truss occurred by the brittle splitting of the
timber, as shown in Fig. 12.
The strain gauge measurements were transformed
into normal forces and bending moment using Eq. 4;
Fig. 13 shows that the normal force in the truss
element increases linearly with the applied external
force. No clear correlation between bending moment
and external force seems to exist, due to the fact that
Fig. 7 Schematic truss representation, detailing dimensions
(in mm) and nomenclature
Fig. 8 A typical truss in test rig
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bending moments are determined as the difference of
two readings of similar magnitude, which are then
significantly amplified. Nevertheless, it is clearly
shown that bonded joints lead to significantly higher
bending moments in the corresponding truss mem-
bers, compared to the doweled joints.
Further experimental results, averaged for each
series, can be summarized as follows:
• Considering the deformation encountered during
the loop 10–30 kN, it can be shown that the
bonded trusses exhibit a ‘‘stiffness’’ of around
15.4 kN/mm, while their doweled counterparts
range at 5.6 kN/mm; bonded trusses are roughly
three times stiffer than the doweled;
• The relative horizontal displacement of a truss
member in traction, see Fig. 14, measured on
diagonal c’(Fig. 7), at the same load step of 40 kN,
indicate a value of 0.02 mm for the bonded truss,
and 0.54 mm for the doweled one: the doweled
joint exhibits therefore an approximately 30 times
higher deformation;
Fig. 9 Load displacement curves of a typical bonded and
doweled truss
Fig. 10 Detail of failure of a typical bonded truss
Fig. 11 Detail of the steel plate of a typical bonded truss after
testing (brittle rupture of timber)
Fig. 12 Detail of failure of a typical doweled truss (splitting of
timber at one truss member)
Fig. 13 Normal forces and bending moment in member (c) for
typical trusses
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• The relative displacement of a truss member in
compression, also shown in Fig. 14, measured on
the diagonal e’ (Fig. 7), at a reference load of
40 kN, differs by approx. 300% (–0.32 mm for
the doweled, –0.05 mm for the bonded);
• At a comparable load level of 40 kN, the doweled
trusses deformed by an average of around
9.8 mm, while their bonded counterparts experi-
enced deformations of around 2.3 mm;
• On average, the bonded trusses failed at a load of
62.9 kN, while the doweled ones failed under
44.9 kN, indicating that the bonded trusses exhibit
a strength higher by around 40% compared to the
doweled, while failure was more brittle;
• Significant bending moments occur in the adhe-
sively bonded trusses, as indicated by the readings
of the strain gauges. This is best represented by
transforming the strains into the corresponding
normal forces and bending moments according to
Eq. 5.
3 Modelling
3.1 Modelling of the timber
As adhesively bonded joints fail under a combination
of stresses, it is necessary to extend the concept of the
Weibull distribution towards stresses acting simulta-
neously. For this purpose, it was decided to consider
the Norris criterion Eq. 1 as a stress operator, rF,
defined by Eq. 6:
r2F ¼
rX
fX
 2
 rXrY
fXfY
 
þ rY
fY
 2
þ sXY
fXY
 2
ð6Þ
In the latter definition, rF
2 = 1 defines failure. To
consider size effects, it is necessary to determine the
Weibull parameters, i.e. k and r0. A regression
procedure on the probability distribution of the rF
2-
values corresponding to all 160 specimens tested for
the brittle material properties were used; the Weibull
modulus was found to equal k = 3.717, while
rF,0 = 1.124.
3.2 Modelling of the joints
To assist the interpretation of the experimental results
obtained, the adhesively bonded joints were modelled
using the finite element program ANSYS (v12).
Timber is an anisotropic and inhomogeneous material,
but for simplicity in modelling, the material was
assumed to be homogeneous and transverse isotropic
with identical properties in radial and tangential
directions. The longitudinal direction is referred to as
parallel to grain (herein defined by the subscript X),
while the combined radial and tangential directions are
referred to as perpendicular to grain (subscript Y).
Symmetry conditions were used to reduce the model-
ling to one quarter. The material properties used for the
FEA are listed in Table 1. 20-node elements were
applied; the mesh size was set to 10 mm for the timber
part, 5 mm for the steel and for the adhesive, with a
mesh refinement at the joints. Concerning the bonded
connections, the adhesive layer was modelled as being
fully connected with the timber, not allowing for any
relative slip, corresponding to the experimental obser-
vations. For the doweled joints, the exact geometry of
the connection was modelled, including the position
and dimensions of the dowels (represented in Fig. 15,
which represents half of the connection, since symme-
try has been exploited). The contact between the
dowels and the timber has been modelled using target
and contact surface-to-surface elements. Plastic behav-
iour of the dowels was not considered in the FEA as it
adds no information to the subsequent capacity
predictions under brittle failure. Figures 16 and 17
show the development of transverse stresses, rY, and
shear stresses, sXY, along the embedment of the bonded
Fig. 14 Relative horizontal displacements on truss members
(c) and (e) for typical trusses
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joints, respectively, herein at the Gauss points of the
interface between the timber and the adhesive at failure
load.
The stress peaks, that are expected to arise accord-
ing to the analytical formulae and FEA discussed in the
introduction are clearly visible. The shear stresses peak
at the end of the embedment to values close or beyond
the resistance of timber, which was found to be
fXY = 16.5 MPa: for the overlap length of 40 mm the
peaks amounts to 15.8 MPa at failure, while it is
23.9 MPa for the 160 mm embedment. Similarly, at
the failure of the respective specimens, the transverse
stresses, which are compressive at the beginning of the
embedment, reach at the end of the embedment, where
they act in tension, values of 6.7 MPa for the specimen
with an embedment of 40 mm up to 10.3 MPa for the
longest embedment tested, 160 mm. Once again, these
values far exceed the material’s resistance, which was
found to be fY = 4.5 MPa.
Fig. 15 FEA detail of the
doweled truss (at the
connection)
Fig. 16 Transverse stresses acting on the bonded timber-steel
joint
Fig. 17 Shear stresses acting on the bonded timber-steel joint
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3.3 Modelling of the truss
Coordinate systems were locally defined at the level of
all truss members, to make the main axis coincide with
the orthotropic material properties. Figure 18 shows
the generated numerical model. Because the joints are
symmetric about the X and Z direction, symmetry
conditions were used to reduce the modelling to one
quarter. The timber and the contact between the dowels
and the timber has been modelled using the same
elements as for the model of the joints; while the mesh
was slightly coarser with 10 mm for the timber part,
and 5 mm for the steel and for the adhesive. Concern-
ing the bonded connections, the adhesive layer has
been modelled as being fully connected with the
timber. Using FEA, and at a reference load of 40 kN,
the vertical displacement of the bonded truss at node 4
was determined to 2.16 mm; this value being in very
good agreement compared to the 2.27 mm obtained
experimentally.
3.4 Capacity prediction
If the whole bonded joint is idealized as being consti-
tuted by n elements, its survival depends on simulta-
neous non-failure of all elements. Consequently, if each
constituent element i, with a volume Vi is subjected to
rF,i, the global probability of survival is given by Eq. 7:
PS ¼
Yn
i¼1
exp Vi
V0
 rF;i
rF;0
 k" #
¼ exp
Xn
i¼1
Vi
V0
 rF;i
rF;0
 k" #
ð7Þ
where Vi are the volumes of the considered finite
elements, V0 is the reference volume of the small
samples (restricted to the stresses zone between the
necks, herein 500 mm3), rF,i is given by (Eq. 6). In this
research, the stresses needed to formulate rF, were
gathered using the FEA models described in Sects. 3.4
and 3.5. It was previously shown that this approach is
independent of mesh size, once a sufficiently accurate
mesh is used [40]. Thus, after having determined all
stresses, element by element, all rF,i are computed
using a spreadsheet, and eventually the corresponding
probability of failure, PS, associated to each element.
The global failure is thus defined as the load level,
FFEA, for which Eq. 7 delivers a global probability of
survival, PS, equal to 50%. To determine a strength
value used by practitioners for design purposes, the
strength value corresponding to a probability of failure
of 5% can also be calculated. In the present research,
Fig. 18 FEA model of the bonded truss
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however, the sample size did not justify calculating
such values.
The probabilistic model yields, for the joints of all
series (i.e. BJ40–BJ160 and DJ120), the capacities
listed in Table 2, where they are directly compared to
the corresponding experimental values (FEXP). It
clearly appears that joint capacity increase with the
embedment length, but that this increase tends to
flatten, indicating an upper limit, beyond which no
capacity increase should be expected. The capacities
of the doweled joints, if comparing it with a bonded
joint of similar constructive size, is substantially
lower, herein by around 40%.
The probabilistic method delivers a capacity of
63.9 kN for the bonded truss, while for the doweled
truss, an average capacity of 41.5 kN was numeri-
cally determined.
4 Discussion
4.1 Experimental results
The suggested material strength determination, i.e.
using the off-axis small-scale specimens, offers a
practical alternative to much more complex setups,
since the manufacturing of the dog-done shaped
specimens can be performed using CNC, allowing for
large series of identical samples.
Failure of both doweled and bonded joints, and
subsequently also the trusses built-up thereof, was
brittle; even if the doweled trusses did not fail in the
same ‘‘catastrophic’’ way the bonded ones did. How-
ever, this difference in perception is mainly due to the
huge difference of stiffness between both types of
trusses combined with the fact that the load was
displacement controlled. In a load controlled, real-case
situation, both would simply fail, and the doweled truss
would not exhibit any kind of pseudo-ductile behav-
iour. If directly comparing joints with similar con-
structive size, i.e. the specimens of series BJ120, with
the corresponding doweled joints, DJ, it becomes
evident that adhesively bonded connections outper-
form the mechanical connectors in both strength (by
around 40%) and stiffness (by more than 300%!).
The experimental results also showed that the
bonded trusses are much stiffer; in a design context in
which control of deformation is paramount, this is
clearly an advantage. Similarly, the bonded trusses
outperform their doweled counterparts by around
40%, which is similar to the ratio found on the joints.
A large part of the increased stiffness is due to the
fact that bonded connections do not need any relative
slip to start transmitting forces, as it is the case for
dowels; besides this effect, it ought to be noticed that
the bonded connections do also lead to a restraint at
the truss’ nodes, which leads to bending moments
acting positively on reducing the deformation, as it
has been shown by the strain gauge measurements
displayed in Fig. 13 and discussed in Sect. 3.
4.2 Numerical results
The numerical results were in fair accordance with the
experimental values, which legitimately validated it.
The FEA allowed determining the stress–strain state all
over the structure, which is a prerequisite of the
subsequent strength prediction, and clearly shows that
considering a stress based dimensioning method, all
specimens would not have survived their respective
stress states. This clearly shows, without event taking
into consideration the fact that simultaneously acting
stresses lead to premature collapse, that a stress based
dimensioning method is not able to handle the issue
related to huge stress peaks. A similar observation can
be drawn from considering the stress pattern at the
dowels: Fig. 19 shows the axial stresses, rX, acting
along the planes defined by the dowels; that the load
transfer induced by the mechanical fasteners leads to
the generation of stress peaks of such magnitude
(herein, at failure, rX peaks at a value of 94.5 MPa),
Fig. 19 Typical stress pattern around a dowel, for a doweled
timber joint
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exceeding the material’s resistance. It would thus have
been impossible to determine the stresses at the joints
using alternative methods, e.g. a simple truss calcula-
tion. The numerical modelling shows that, using
modern FE software packages, and correctly imple-
menting the orthotropic material properties of timber,
it is relatively straightforward to achieve an accurate
description of complex systems, as the investigated
joints and trusses.
4.3 Probabilistic capacity prediction
The probabilistic method allowed considering the
locally arising stress concentrations at the joints, which
determine the truss’ capacity. The probabilistic meth-
ods, with the implementation of size-effects, allowed
accurately handling the issue of stress peaks arising at
the joints, both doweled and bonded. The implemen-
tation of the probabilistic method resulted in accurate
predictions of the capacity of all investigated systems:
• The bonded joints, for which prediction accuracy
below 6% has been achieved;
• The doweled joints, whit a capacity prediction
accuracy of 3%;
• The two types of trusses, yielding in predictions
as accurate as 8% for the doweled, and 2% for the
bonded truss.
4.4 Practical considerations
All trusses were fabricated under laboratory conditions
with controlled environment and under strict compli-
ance to adhesive use regulations, as defined by the
manufacturers. As with any adhesively bonded prod-
ucts, also trusses should be produced only by certified
and controlled companies that have the proven exper-
tise. One of the advantages of glued joints is their better
fire protection, which at first sight seems contradictory
since adhesives lose most of their mechanical proper-
ties beyond their respective glass transition tempera-
ture, but can be explained by the fact that the bonded
surfaces lie protected by the timber which effectively
insulates them. Further consideration as to what are the
most suitable methods to protect the steel, e.g.
coatings, were outside the scope of the presented
research. The research also focused purely on static
short term loading, the behaviour of adhesively bonded
timber joints under long term and variable loading
conditions is of extreme practical importance; further
research will investigate these aspects.
5 Conclusions
The investigations presented herein show that, rather
than being a purely academic topic, adhesively bond-
ing as a mean of connecting load bearing elements
holds the potential to unleash new architectural
expression and structural performance in timber
building and construction.
Material characterisation on small clear specimens
allowed determining the mechanical properties of the
timber, which were used as input parameters for FEA.
The validity of the numerical modelling, for both
truss types, was subsequently assessed by direct
comparison with the experimental results.
The capacity of adhesively bonded connections
composed of timber members and a steel plate were
experimentally investigated; the capacity of bonded
joints is higher that the one of doweled joints, if
compared at similar sizes; this capacity increases
with the embedment length, with a tendency to
achieve a plateau at an embedment length of around
120 mm. The scattering of the experimental values of
the scattering is comparable to the one measured on
doweled connections.
The experimental and numerical results on dow-
eled and adhesively bonded timber trusses allow for a
direct comparison of the two radically different
joining methods. The adhesively bonded trusses
achieved a significantly higher failure load compared
to the mechanically connected truss.
Finally, a probabilistic design method, based on a
realistic multi-axial failure criterion was implemented
and yielded very good agreement when compared to
the experimental results on both the bonded joints and
the full-scale trusses.
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